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Atherosclerosis is a systemic inflammatory disease characterized in the early stages by a disrupture of the endothelium's integrity resulting in endothelial dysfunction and atherosclerotic lesion formation. The effective restoration of the endothelium after endothelial cell (EC) damage is pivotal in order to prevent atherosclerotic lesion formation. It has been previously demonstrated that apoptotic EC can be in part regenerated by the adjacent ECs but also by circulating bone marrow (BM)-derived endothelial progenitor cells (EPC)
. In a steady-state condition, equilibrium exists between EC apoptosis and EC regeneration. However, in conditions of severe EC damage, e.g. in the presence of cardiovascular risk factors, EC apoptosis overwhelms the regenerative potential and a disruptured endothelium is no longer restored [7, 8] . Furthermore, numerous studies have demonstrated that cardiovascular risk factors have detrimental effects on the regenerative system itself [9] [10] [11] [12] . Functional properties and absolute numbers of EPC are severely impaired in patients suffering from cardiovascular diseases [12, 13] . [14] [15] [16] [17] . Interestingly, enhanced regenerative capacity translates into improved survival. In patients with coronary artery disease, the number and function of circulating EPC are an important cellular risk predictor for cardiovascular mortality and morbidity [18, 19] .
Strengthening of the organisms regenerative potential, e.g. by enhancing the number and function of circulating EPC by physical activity, drug treatment or hormone replacement therapy, enhances EC repair after focal EC damage and improves endothelial dysfunction
High-density lipoprotein (HDL) levels inversely correlate with cardiovascular events and seem to have important vasculoprotective effects [20] . Individuals with elevated HDL plasma levels are less susceptible for the development of endothelial dysfunction and atherosclerosis [21] . In contrast, low HDL levels predict an increased incidence of myocardial infarction [22] . A recently published study demonstrates the highly predictive value of HDL-cholesterol independent of low-density lipoprotein (LDL) cholesterol for cardiovascular events [20] . However, the mechanisms by which HDL exerts atheroprotection are multiple but poorly understood [23] . HDL 
RT-PCR
Carotid artery denudation
Carotid artery injury was induced as described previously [33] . Briefly 
Flow cytometry
Flow cytometry to enumerate EPC numbers in mice and human beings was performed as recently described by our group [15, 19] and in accordance with the current standards for EPC enumeration using flow cytometry for human cells [34] . Fig. 1 Fig. 6 ).
). RT-PCR analysis revealed a significant increase in eNOS mRNA abundance after HDL treatment compared to vehicle-treated cells indicating a more mature phenotype of cells after HDL incubation (P < 0.05; Fig. 2A). Western blot experiments confirmed a trend towards an increase in eNOS protein abundance after HDL treatment (P ϭ n.s.; Fig. 2B).
HDL inhibits apoptosis of early outgrowth EPC and influences proliferation capacity of EPC after extended cell cultivation
To determine whether HDL protects EPC from apoptosis, the cells were exposed to medium with increasing concentrations of HDL (100-1000 g/ml for up to 7 days). The minimal concentration that induced reproducible protection assessed using a flow cytometry based TUNEL assay was used for subsequent experiments. A 7-day HDL treatment regimen was associated with a nearly 50% reduction in TUNEL positive cells compared with vehicle alone (P < 0.01, Fig. 3A). HDL induced a decrease in TUNEL expression in all phases of the cell cycle but in particularly G1-Phase (data not shown). Additional apoptosis experiments revealed that the number of annexin V positive cells was similarly reduced in HDL compared to vehicle-treated EPC (P < 0.01, Fig. 3B). At HDL concentrations of 100-1000 g/ml there was no significant increase or decrease in the total number of proliferating EPC progenitors at 7 days (data not shown). Analysis of the cell cycle, based on measurements of DNA content, indicated that nearly all cells were in G0/1 phase of the cell cycle and only approximately 0.2% of the cells were in S phase. However, when looking at EPC after extended cell cultivation (day 14), HDL was able to increase proliferation of cells by twofold compared to vehicle (P < 0.001; Fig. 4). © 2008 The Authors Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 2 eNOS mRNA and protein abundance in endothelial progenitor cells (EPC) after high-density lipoprotein (HDL) treatment. Early outgrowth EPC were treated with HDL or vehicle. HDL increased eNOS mRNA abundance (*P < 0.05) (A) and protein expression (P ϭ n.s.) (B) compared to vehicle.
Fig. 3 Percentage of apoptotic endothelial progenitor cells (EPC) after incubation with highdensity lipoprotein (HDL). EPC were cultured in the presence or absence of HDL. (A) Based on differences in propidium iodide (PI) intensity, cells were subdivided into cell cycle phase G1, S, G2. The presence of DNA strand breaks in TUNEL assay was decreased in all phases of cell cycle but in particularly in G1 cells after HDL treatment. The dashed line represents the upper threshold of TUNEL fluorescence intensity for 99% of the control cells. (B) Analysis of phosphatidylserine exposure of human EPC cultured in the presence of HDL or vehicle. Flow cytometric dot-plot analysis of PI (abscissa) and annexin
HDL influences adhesion of EPC in vitro
HDL improves EPC-mediated pseudo-tube formation
Cultured EPC were subjected to a pseudo-tube formation assay in the presence or absence of 500 g/ml HDL. Fig. 7 ). Fig. 9 ).
Recombinant HDL increases circulating EPC and enhances re-endothelialization
HDL correlates with the number of circulating EPC in human beings with coronary artery disease
In 116 
Fig. 5 Effect of high-density lipoprotein (HDL) on endothelial progenitor cells (EPC) adhesion to human coronary artery endothelial cells (HCAEC) in a static and flow-mediated adhesion model. EPC were pre-incubated with HDL before adhesion to stimulated HCAEC was determined. (A) Optical density readings of the lysed cells indicated that HDL pre-incubation increased EPC adhesion in a static adhesion model. For control, EPC adhesion to unstimulated HCAEC was determined. (B) EPC
Discussion
Patients with elevated HDL cholesterol plasma levels are less susceptible for the development of endothelial dysfunction and atherosclerosis [21] and suffer significantly less from cardiovascular events [20] [40, 41] .
The proliferation capacity of cultured, blood-derived EPC is restricted and is the focus of ongoing debate [42] . Here [2, 4, 5, 15, 17, 47, 48] 
